With advances in viral surveillance and next-generation sequencing, highly diverse novel astroviruses (AstVs) and different animal hosts had been discovered in recent years. However, the existence of AstVs in marmots had yet to be shown. Here, we identified two highly divergent strains of AstVs (tentatively named Qinghai Himalayanmarmot AstVs, HHMAstV1 and HHMAstV2), by viral metagenomic analysis in liver tissues isolated from wild Marmota himalayana in China. Overall, 12 of 99 (12.1 %) M. himalayana faecal samples were positive for the presence of genetically diverse AstVs, while only HHMAstV1 and HHMAstV2 were identified in 300 liver samples. The complete genomic sequences of HHMAstV1 and HHMAstV2 were 6681 and 6610 nt in length, respectively, with the typical genomic organization of AstVs. Analysis of the complete ORF 2 sequence showed that these novel AstVs are most closely related to the rabbit AstV, mamastrovirus 23 (with 31.0 and 48.0 % shared amino acid identity, respectively). Phylogenetic analysis of the amino acid sequences of ORF1a, ORF1b and ORF2 indicated that HHMAstV1 and HHMAstV2 form two distinct clusters among the mamastroviruses, and may share a common ancestor with the rabbit-specific mamastrovirus 23. These results suggest that HHMAstV1 and HHMAstV2 are two novel species of the genus Mamastrovirus in the Astroviridae. The remarkable diversity of these novel AstVs will contribute to a greater understanding of the evolution and ecology of AstVs, although additional studies will be needed to understand the clinical significance of these novel AstVs in marmots, as well as in humans.
INTRODUCTION
Astroviruses (AstVs) are small, non-enveloped, positivesense ssRNA viruses that are primarily transmitted via the faecal-oral route or by fomites or food [1] . AstVs are most commonly associated with significant gastroenteritis, especially in young, old and immunocompromised individuals, as well as in poultry [1, 2] . However, recently several studies have reported that AstVs, especially the recently identified human AstV (HAstV)-VA/HMO, can cause encephalitis in humans [2] [3] [4] [5] [6] and in cattle [7] [8] [9] . In addition, they can also cause nephritis and hepatitis in poultry [10, 11] . These studies indicate that AstVs may severely affect both public health and economic production. The size of the AstV genome ranges from 6.4 to 7.9 kb, which includes a 5¢ untranslated region (UTR), followed by three ORFs designated ORF1a, ORF1b and ORF2, a 3¢ UTR, and a poly(A) tail. ORF1 encodes both a protease and an RNAdependent RNA polymerase, with a ribosomal frame shift at the ORF1a/1b junction, while ORF2 encodes the viral capsid protein for virion formation and is the most divergent among the ORFs [1] .
AstVs were first identified in 1975, by electron microscopy, in children with diarrhoea [12] . To date, AstVs have been identified in at least 30 mammalian and 14 avian species. With the increase in genetic diversity, AstVs are now classified in two genera, Avastrovirus and Mamastrovirus, which are then subdivided into viral species and genotypes based on the complete viral capsid protein [13] . A growing number of studies [14] [15] [16] have recently reported that a single host species can be infected with distinct AstVs, challenging the paradigm that AstV infections are species-specific [17, 18] . For example, humans can be infected with the classical HAstVs 1-8 and the recently identified HAstVs MLB 1-3, and HMO-AstVs A-C/HAstVs-VA 1-4 [19, 20] . Interestingly, the recently identified HAstVs are phylogenetically much closer to animal AstVs than to classical HAstVs, strongly suggesting that multiple introductions of animal AstVs into humans may have occurred. In addition, potential human-mammalian recombination events have also been reported in sea lions [21] , which suggests that the species barrier has likely been crossed. Although a group of highly diverse AstVs has been identified in a variety of different mammals [14, 15, 22] , the time frame for the original divergence of AstVs is unknown. Thus, the identification of novel AstVs and previously unknown animal hosts will be crucial for a better understanding of AstV genetic diversity and evolution, as well as the potential for cross-species emergence and transmission.
In China, the Himalayan marmot (Marmota himalayana) mainly resides 2800-4000 m above sea level in the QinghaiTibetan Plateau, and is the primary animal reservoir of plague. To the best of our knowledge, wild-marmot viruses have never been reported, possibly due to the harsh geographical conditions, poor access and fragmentary veterinary services. However, with the expansion of human activity, the possibility of human-M. himalayana interaction has greatly increased, including more and more people selecting the Qinghai-Tibetan Plateau for travel, domesticating M. himalayana as pets and using them as animal models for hepatitis B virus [23] , as well as hunting M. himalayana for meat and fur, which may allow for rapid spread of viral infections between M. himalayana and humans. Thus, a thorough survey of viruses found in M. himalayana will be significant, as it will provide basic viral epidemiological information. Capturing live M. himalayana for isolation of Yersinia pestis is the key plague surveillance tool for monitoring plague outbreak in animals. Due to an auxiliary programme to this surveillance, the M. himalayana captured were also used for detection of viruses. Recently, we reported the discovery of a novel and ancient hepatitis A virus species (Marmota Himalayana hepatovirus) in M. himalayana faecal samples by metagenomics analysis [24] . To further investigate its viral prevalence and diversity, we conducted a viral metagenomic analysis in M. himalayana liver tissue. Analysis of liver and stool samples suggested the presence of AstV sequences. As AstVs have not yet been shown to infect marmots, we hypothesized that previously uncharacterized AstVs may be present in the marmot. We decided to further study the AstV sequences, particularly those identified in the liver.
Here, we report the discovery of novel AstVs in liver tissue and faecal samples of M. himalayana found in the QinghaiTibetan Plateau in China. We also describe the full-length sequences and detailed genomic organization of the two novel AstVs, tentatively named Qinghai Himalayan marmot AstVs, HHMAstV1 and HHMAstV2, identified in the liver samples. The genomic and phylogenetic analyses in this study reveal that there are likely two to four novel AstV species in M. himalayana.
RESULTS

Detection of AstVs
Based on BLASTX analysis, the two sequence reads (HHMAstV1 and HHMAstV2), with a mean length of 220 bp from two different liver samples by high-throughput sequencing, showed maximum amino acid sequence identities of 53.0 and 70.0 % with the conserved RNAdependent RNA polymerase encoded by the rabbit AstV (YP_009094053) [25] and mamastrovirus 1 (BAF97892), respectively. Interestingly, the two AstV-positive reads with 220 bp aligned with each other, displaying about 60.0 % amino acid identity with 67 % coverage, suggesting the possible presence of two different AstVs, and were both used to amplify the complete sequences in this study. (Fig. 1a) . However, they clustered together forming M. himalayana AstVs, and appeared to be most closely related to the HAstV MLB [20, 26, 27] and rabbit AstV strains [25] . In addition, the pairwise identity analysis showed that the strains from group I shared 81.5-83.8, 59.8-61.0 and 52.1-54.5 % nucleotide identity with those in groups II, III and IV, respectively, and the strains in group II shared 61.8 and 59.8-61.0 % nucleotide identity with the strains in groups III and IV, respectively, while the strains from group III shared 56.4 % nucleotide identity with those in group IV (Fig. 1a) .
Prevalence and analysis of AstVs
Genomic characterization and analyses of HHMAstV1 and HHMAstV2
Our analysis showed that the complete genomic sequences of HHMAstV1 and HHMAstV2 are 6681 and 6610 bp, respectively, excluding the poly(A) tail. The G+C contents of HHMAstV1 and HHMAstV2 are 44.0 and 53.0 mol %, respectively. Similar to characteristics typical of other AstV genomes, HHMAstV1 and HHMAstV2 also contain three large ORFs (ORF1a, ORF1b and ORF2), a 5¢ UTR, a 3¢ UTR and a poly(A) tail. The 5¢ UTRs of HHMAstV1 and HHMAstV2 were determined to be 30 and 31 nt in length, respectively, which are within the size range (11-85 nt) previously reported for other AstVs, while the 3¢ UTRs were determined to be 81 and 72 nt in length (Fig. 1b) .
ORF1a is predicted to encode the viral non-structural polyprotein NSP1a, which is 887 and 886 aa in HHMAstV1 and HHMAstV2, respectively, with maximum amino acid sequence identities of 29.0 and 40.0 % with the HAstV BF34 [28] and rabbit AstV TN/2208/2010 [25] , respectively, by BLASTP analysis. According to the National Center for Biotechnology Information Conserved Domain Database (CDD) search tool, the NSP1a proteins of HHMAstV1 and HHMAstV2 both contain two conserved domains, a serine protease motif and a trypsin-like peptidase domain, which may be used to bind RNA and play a role in viral replication [29] . The conserved heptanucleotide frameshift signal, AAAAAAC, which can be used to translate ORF1a in conjunction with ORF1b, was identified near the end of the NSP1a sequence in HHMAstV1 and HHMAstV2 [30] .
ORF1b is predicted to encode the viral non-structural polyprotein NSP1b, which is 512 and 510 aa in HHMAstV1 and HHMAstV2, respectively, with 44.0 % amino acid divergence between them. BLASTP analysis revealed significant similarity between NSP1b and HAstV 1 Beijing/291/2007/CHN and rabbit AstV TN/2208/2010 strains (55.0 and 65.0 % amino acid identity, respectively). The RNA-dependent RNA polymerase (RdRp) encoding gene, identified in HHMAstV1 and HHMAstV2 by CDD search, is the most conserved of the three polyproteins [31] . The characteristic AstV YGDD motif of RdRp was also identified in HHMAstV1 and HHMAstV2.
ORF2 of HHMAstV1 and HHMAstV2 is predicted to encode viral structural (capsid) proteins of 805 and 788 aa, with maximum amino acid sequence identities of 31.0 and 48.0 % with the rabbit AstV/Nausica/2008/ITA strain (accession no. AEV92822), and there was 65.0 % divergence between HHMAstV1 and HHMAstV2, by BLASTP analysis. Notably, the approximately 450 aa N-terminal halves of the capsid proteins of HHMAstV1 and HHMAstV2 share less than 50.0 and 75.0 % amino acid identity, respectively, but the C-terminal halves share less than 25.0 and 30.0 % identity with other known AstVs. Similar to other mamastroviruses, an 8 nt region of overlap at the end of NSP1b and the beginning of the capsid sequence [32] was also identified in both HHMAstV1 and HHMAstV2. The consensus promoter sequence of AstVs, UUUGGAGNGGNGGACCNAAN 4-11 AUGNC [33] , was identified as UUUGGAGGGGAGGACCAAAUAGUCA UGGC and UCUGGAGGGGAGGACCAAAGAAGCGUGA UGGC in HHMAstV1 and HHMAstV2, respectively, with only a minor difference in which the second nucleotide was changed from a U to a C in the HHMAstV2 sequence; the promoter sequences are situated upstream of the ORF2 start codon (Fig. 1b) . The presence of this promoter sequence suggests the initiation of ORF2 subgenomic RNA synthesis. Similar to other AstVs, the highly conserved motif at the C-terminus of the capsid protein, SRGHAE [34] , was also present in HHMAstV1 and HHMAstV2. The conserved stem-loop-II-like motif structure [35] that is predicted to be at the 3¢ end of the genomic RNA of several AstVs was also present in HHMAstV1 and HHMAstV2 (data not shown).
Phylogenetic analysis
To evaluate the relationship of HHMAstV1 and HHMAstV2 to other known AstVs, we reconstructed phylogenetic trees based on the complete amino acid sequences of ORF1a, ORF1b and ORF2 of HHMAstV1 and HHMAstV2, as well as other representative AstVs. In the ORF1a region, HHMAstV1 formed a single and distinct monophyletic tree between the clade including mamastroviruses 1-4 and the clade containing mamastroviruses 6, 23 and HHMAstV2, while HHMAstV2 formed an independent tree related to mamastrovirus 6 (HAstV MLB strains) and the rabbit-specific mamastrovirus 23, indicating it is much closer to HAstV MLB strains (Fig. 2a) . In the conserved ORF1b region, phylogenetic analysis revealed that HHMAstV1 formed a distinct tree between the clusters including mamastrovirus 1-4, 6-7, 23, 25 and HHMAstV2 and the clades including mamastrovirus 26-33 (infecting bovine, porcine and deer species), whereas HHMAstV2 showed it was most closely related to the rabbit-specific mamastrovirus 23 (Fig. 2b) .
In the capsid region (ORF2), HHMAstV1 formed a single and distinct monophyletic tree among the mamastroviruses, displaying high divergence from all previously known AstVs, but related to the clades including the mamastrovirus species 1-5, 7 and 23, while HHMAstV2 also formed a monophyletic tree and was most closely related to mamastrovirus 23, but shared only 49.0 % amino acid sequence identity with the capsid protein of mamastrovirus 23 (Fig. 2c ).
In the full-length genome, HHMAstV1 formed a single monophyletic tree but clustered tightly with HAstV MLB strains with 100 % bootstrap support among the mamastroviruses, while HHMAstV2 displayed a single tree and was most closely related to mamastrovirus 23 infecting rabbits with 100 % bootstrap support, which is similar to ORF1, ORF2 and ORF3 phylogenetic analysis (Fig. 3a) . The phylogenetic analysis of AstV host species revealed that M. himalayana is related to the order Lagomorpha and other Rodentia hosts (Fig. 3b) .
DISCUSSION
A number of diverse viruses exist in wild animals. The expansion of human activity, including the hunting, domestication and experimental use of wild animals, and the destruction of wildlife habitats, however, will likely result in the introduction of wild-animal viruses into human beings. For example, recent infectious viruses, including severe acute respiratory syndrome (SARS) virus, Middle East respiratory syndrome (MERS) virus and the Ebola virus, were transferred from wild animals to humans [36] [37] [38] , and led to a number of deaths, as well as economic losses.
Thus, it is important to determine baseline viral epidemiological information in wild animals, even in those considered distant from humans, including the wild marmot (M. himalayana) whose habitat is 2800-4000 m above sea level in the Chinese Qinghai-Tibetan Plateau, and has become an economically valuable animal for human beings [23] . Although AstVs have been found in more than 30 different mammalian species, including domestic, synanthropic and wild animals, in both terrestrial and aquatic environments [18] , they had not yet been reported in wild marmots. Here, we have reported two novel AstVs, identified in liver from M. himalayana in the QinghaiTibetan Plateau, China, by MiSeq high-throughput sequencing.
The Study Group of the International Committee for Taxonomy of Viruses (ICTV) (www.ictvonline.org) indicates that both genetic analysis of the full-length ORF2 and the host of origin should be considered to define a species of the genus Mamastrovirus in the family Astroviridae. According to the ICTV proposal, the different AstV species should share between 21.9 and 73.2 % amino acid identity in the (a) complete ORF2 region. Based on these criteria, the genus Mamastrovirus consists of at least 33 species [32] . Based on ORF2 sequence analysis, HHMAstV1 and HHMAstV2 (displaying 35.0 % amino acid identity with each other) are most closely related to the rabbit mamastrovirus 23 (with 31.0 and 48.0 % shared amino acid identity, respectively) [25] . High variation in the C-terminal halves of the capsid proteins of HHMAstV1 and HHMAstV2 was also observed, with only 25.0 and 30.0 % shared amino acid identity compared with other AstVs. This is consistent with the model where the N-terminal half of the capsid protein forms a conserved core domain, while the C-terminal half acts as a highly variable receptor-interacting domain [39] . In addition, the marmot is a newly identified host for AstVs. Phylogenetic analysis of the amino acid sequences of ORF1a, ORF1b and ORF2 showed that HHMAstV1 and HHMAstV2 form two distinct monophyletic trees in the genus Mamastrovirus. Genomic analysis revealed that HHMAstV1 and HHMAstV2 exhibit the standard AstV genomic organization. Therefore, we believe HHMAstV1 Only HHMAstV1 and HHMAstV2 were identified in the 300 M. Himalayana liver tissues, possibly due to the low quantity of virus shed in liver tissue. Although AstVs commonly cause gastroenteritis, there have been some reports describing AstVs as the causative agent of duck hepatitis [11] and the cause of central nervous system disease in both humans (immunocompromised adults and children) [2] [3] [4] [5] [6] and various animals including cattle [7-9, 40, 41] , which strongly suggests that diverse AstVs can localize outside the intestine and can cause severe illnesses. Duck livers infected with AstVs display multiple, widespread haemorrhagic lesions, in which the histopathological examination revealed hepatic necrosis and the formation of many cavitations or ballooning degeneration [42] . In this study, HHMAstV1 and HHMAstV2 were identified in the liver of M. himalayana, which led us to ask whether these novel AstVs could infect the liver and cause hepatitis similar to that seen in ducks [42] . Further clinical studies addressing in vivo infection with AstVs will be necessary to test Koch's postulates and study AstV pathogenesis.
AstVs were detected in approximately 12.1 % of M. himalayana stool samples, suggesting that the local M. himalayana population is commonly infected with AstVs. Based on phylogenetic analysis of conserved RdRp partial sequences, the 14 AstV strains including HHMAstV1 and HHMAstV2 examined in this study were clustered in a large clade, implying there exists significant genetic diversity in the AstVs found in M. himalayana that live in a distinct environment from human beings. In addition, the 14 distinct AstVs clustered together but were distinct to those of other hosts, which suggests that AstVs may only circulate in M. himalayana for a long time or that host-specific AstVs may exist, which is consistent with previously reported bat AstVs [14, 43] . Ten of the fourteen AstVs identified in M. himalayana were from group I in the phylogenetic clade (with 1.0-8.0 % nucleotide differences among them, displaying a three sister-clade relationship), suggesting the members of group I may be the prevalent strains in M. himalayana. In addition, the four distinct groups in the 
phylogenetic clade and the divergence from other AstVs suggest that M. himalayana may harbour two novel AstV species, HHMAstV1 and HHMAstV2. However, precise genotyping is not possible for the strains from groups I and II without the complete genomes or at least the full ORF2 sequences. Overall, our results reveal that AstVs are highly prevalent and remarkably diverse in M. himalayana, and suggest that individual species can host a wide range of AstV strains, consistent with recent reports in bats [43] and non-human primates [14] . However, there is the limitation that we did not collect other tissues, or at least both stool and liver samples, from the same M. himalayana in the study, so the present study cannot address the issue whether AstVs are located simultaneously in both stool and liver or can also be found in other organs. Overall, this information will improve our understanding of the evolution and ecology of AstVs.
The phylogenetic analysis of ORF1a, ORF1b and ORF2 revealed that HHMAstV1 and HHMAstV2 are closely related to the rabbit-specific mamastrovirus 23 [25] , indicating that HHMAstV1, HHMAstV2 and rabbit AstVs may share a common ancestor. However, the phylogenetic relationship of the complete nucleotide sequences showed that HHMAstV1 was somewhat distinct from HHMAstV2 and much closer to HAstV MLB strains, while HHMAstV also clustered tightly with rabbit mamastrovirus 23. The phylogenies of conserved partial RdRp sequences revealed that the M. himalayana AstVs, especially HHMAstV1, are much closer to the HAstV MLB viruses [20] than those acquired from animals. Analysis of the ORF1a and ORF1b sequences of HHMAstV1 and HHMAstV2 suggested they are related to the HAstV MLB strains, supporting the partial RdRp sequence phylogenetic analysis. Yet, the evolutionary relationship of ORF2 showed that the M. himalayana and the MLB AstV clades are highly distinct. All these data suggest that the HAstV MLB strains and M. himalayana and rabbit AstVs could have originated from a common ancestor, but recombination events may have occurred in the HAstV MLB strains. In addition, the phylogenetic relationship of HHMAstV1 was somewhat distinct from other known AstVs, implying that the diversity of AstVs in animals may be much broader than previously recognized. Phylogenetic analysis of the host species showed that M. himalayana in the order Rodentia is related to the order Lagomorpha and to primates, but distant from the orders of other hosts, especially the order Chiroptera, which is in agreement with the phylogenetic relationship between AstVs in M. himalayana, rabbits, humans and bats. These data suggest that AstVs and their host species may be coevolving.
Previous studies have suggested that multiple introductions of AstVs into the human population have occurred (e.g. HAstV MLB 1-3 and HMO-AstVs A-C/HAstV-VA 1-4) [19, 20] . In addition, M. himalayana hosts a wide range of AstV species, similar to bats and non-human primates, which also harbour many AstV species and are thought to be a natural reservoir for AstVs [14, 43] . Thus, it would be reasonable to suggest that wild marmots may also act as a reservoir and/or source of new AstVs with unpredictable symptomatology in humans. With the increasing likelihood of contact between humans and wild M. himalayana, including human travel to the Qinghai-Tibetan Plateau and the domestication and hunting of M. himalayana, rapid spread of AstV infections to humans may occur in the future. Therefore, it will be important to perform further studies, including serological assays, on local habitats to understand the infectious risks of AstVs. In addition, more epidemiological studies in M. himalayana and other species of marmots from a larger geographical area will also be important for the identification of additional AstVs, and will help determine the role of marmots in AstV transmission and infection.
The emergence and re-emergence of infectious diseases, thought to be driven by environmental and ecological factors, is a significant burden to public health and the global economy [44] . Further studies in wild animals will be necessary for viral discoveries to prevent and control newly emerging human viral diseases, especially with the current ecological and environmental changes with which humans and wild animals are confronted.
METHODS Specimens
A total of 300 liver tissue samples from 300 wild M. himalayana animals and 99 faecal specimens from 99 additional Himalayan marmots were randomly collected after exsanguination, from the Qinghai-Tibetan Plateau, in the Qinghai province, China, from 2013 to 2014. All the clinical signs of Himalayan marmots were unknown. All samples were transported on dry ice and stored at -80 C until further use.
High-throughput sequencing Three hundred liver samples were diluted with PBS (1 : 10, w/v). Every ten samples were mixed into a pool. The viral supernatants of 30 pools were passed through 0.45 and 0.22 µm filters. The filtrate was treated with DNase (Turbo DNase; Ambion) to digest unprotected nucleic acids. Total nucleic acids were then extracted using a QIAamp viral mini kit (Qiagen), according to the manufacturer's instructions. Viral nucleic acid libraries were reconstructed through sequence-independent random RT-PCR. The PCR products were sequenced with a MiSeq reagent kit v2 (Illumina) using the Illumina MiSeq platform. The sequencing data were analysed by the customized informatics pipeline Virus Hunter [45] .
Detection of AstVs
To screen the AstVs in M. himalayana, 99 faecal extracts were treated with random primers and SuperScript II reverse transcriptase (Invitrogen), and amplified by heminested PCR with primers targeting the RNA-dependent RNA polymerase (RdRp)-encoding gene present in all known mammalian AstVs [46] . To avoid missing AstVs by viral metagenomic analysis, heminested PCR was also conducted to detect AstVs in the cDNA of 300 liver tissue samples. The PCR products were electrophoresed and purified on a 1.5 % agarose gel. The amplicons of expected size (approximately 422 bp) were cloned into the pGEM-T easy vector (Promega) for DNA sequencing with a BigDye terminator cycle sequencing kit and the ABI Prism 310 Genetic Analyzer (Applied Biosystems).
Complete genome sequencing
The two complete genome sequences of HHMAstV1 and HHMAstV2 were obtained with a genome-walking Kit (Takara), which was used to amplify the unknown sequences, and the full terminal sequences were determined by repeated amplification with the 5¢ and 3¢ Rapid Amplification of cDNA amplification kit (Clontech), according to the manufacturer's instructions. All of the specific primers used were based on the obtained contigs and newly amplified sequence. Finally, four long overlapping fragments were amplified to confirm the final genomic sequences of HHMAstV1 and HHMAstV2. The primers used are shown in Table S1 (available in the online Supplementary Material).
Genomic analysis
The nucleotide sequences and deduced amino acid sequences of the novel AstVs were analysed by sequence alignment with other AstVs, using CLUSTAL X (version 1.83) [47] and DNAStar software. Pairwise nucleotide and amino acid identities between novel AstVs and other AstVs were calculated using DNAMAN software.
Phylogenetic analysis
To determine the phylogenetic relationship of the AstVs identified in M. himalayana, the nucleotide sequences of the 400 nt partial sequences of the RdRp gene were aligned with the corresponding sequences in representative AstVs. To illustrate the phylogenetic relationship of HHMAstV1 and HHMAstV2, the complete genome, ORF1a, ORF1b and ORF2 amino acid sequences were aligned with those of different AstV strains. To reveal the relationship between the host mammalian species of the AstVs, mitochondrial cytochrome-b sequences retrieved from GenBank were aligned. All the alignments were performed with CLUSTAL X (version 1.83), and MEGA 4.0 software was used to reconstruct phylogenetic relationships by the neighbour-joining method with datasets of 1000 replicates [48] .
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